The immune receptor NKG2D is predominantly expressed on NK cells and T cell subsets and confers antitumor activity. According to the current paradigm, immune surveillance is counteracted by soluble ligands shed into the microenvironment, which down-regulate NKG2D receptor expression. Here, we analyzed the clinical significance of the soluble NKG2D ligands sMICA and sULBP2 in the malignancyassociated ascites of ovarian cancer. We show that high levels of sMICA and sULBP2 in ascites were associated with a poor prognosis. Ascites inhibited the activation of normal NK cells, which, in contrast to the prevailing notion, was not associated with decreased NKG2D expression. Of note, an inverse correlation of soluble NKG2D ligands with effector memory T cells and a direct correlation with protumorigenic CD163 C
Introduction
Natural killer (NK) cells represent an important element of the innate immune surveillance. These innate lymphocytes contribute to the first line of defense against pathogens and are mainly responsible for the elimination of virus-infected cells and tumor cells. NK cells recognize their target cells via an antigen-independent set of receptors and kill them through cytotoxic granules containing perforins and granzymes, by expression of death ligands such as tumor necrosis factors a (TNFa), TNF-related apoptosis-inducing ligand (TRAIL), or CD95L (Fas ligand). 4 Moreover, NK cells secrete cyto-and chemokines such as TNFa, interferon-g (IFN-g) and MIP-1a, MIP1-b and RANTES, which activate immune cells including dendritic cells and macrophages. 7 Given the high cytotoxic potential of NK cells, these cells need to be tightly regulated. Their activation is fine-tuned by the balance of activating and inhibitory receptors. Normal healthy cells are protected from the NK cell attack due to the expression of self-defining major histocompatibility complex (MHC) class I molecules, which bind to inhibitory receptors on NK cells. Tumor cells may lose expression of MHC class I molecules to evade T cells but in turn allow target cell killing by NK cells. In addition, NK cells are selectively activated by stressed or malignant cells, upon upregulation of activating ligands for NK cells, which overcome the inhibitory signaling delivered by MHC class I molecules. 19, 20 One of the major activating receptors involved in recognition and killing of transformed cells is the natural-killer group 2, member D (NKG2D) receptor. 3 In humans, NKG2D is abundantly expressed on cytotoxic NK cells and CD8
C T cells and is also detectable on CD4 C T cell subsets, gd T cells, NKT cells, and regulatory T cells (Tregs). Activating ligands for NKG2D (MICA/B, ULBP1-6) are barely expressed on healthy cells but induced upon malignant transformation on cancer cells. Thus, the inducible expression of NKG2D-ligands represents a danger signal, which alerts the immune system to the dangerous cell. Engagement of NKG2D on NK cells results in direct target cell killing and release of pro-inflammatory cytokines, while NKG2D expressed on the subsets of T cells provides costimulation. 21, 28, 42 Immune surveillance via NKG2D and the corresponding ligands appears to be particularly effective in the early stages of tumor growth. Later, tumors develop strategies to circumvent immune detection via NKG2D. Immune escape during tumor progression results from the release of soluble ligands from the tumor cell surface into the environment by shedding. 5, 26 These soluble molecules (sNKG2D-L) passively block NKG2D and induce receptor internalization to down-regulate NKG2D on the surface of NK cells and thereby impair NK cell function. 1, 2, 3, 10, 13, 15, 29, 39 Serum levels of sNKG2D-L correlate with a poor prognosis and are used as prognostic markers in some tumor entities. 37, 38, 45 Further, cytokines such as TGFb and MIF (macrophage migration-inhibitory factor) down-regulate NKG2D expression on effector cells. 16, 32 Thus, an immunosuppressive environment characterized by high levels of sNKG2D-L, MIF and TGFb can promote immune evasion by downregulation of NKG2D on NK and T effector cells. Finally, NKG2D ligand expression can be switched off by tumor cells during tumor progression, e.g., via mRNA degradation by microRNAs. 41 Ovarian carcinoma has a dire prognosis and is the most lethal of all gynecological cancers. 6 It is characterized by a unique tumor microenvironment, including the peritoneal fluid, which occurs as a malignancy-associated effusion at more advanced stages. 23, 46 This ascites contains a plethora of tumorpromoting and immunosuppressive cytokines, growth factors, lipids, extracellular vesicles, tumor cell spheroids and large numbers of immune cells, which form a malicious alliance to support tumor progression and immune evasion 12, 46 ). Not much is known about the relevance of NKG2D and its ligands in ovarian cancer. Immunohistology revealed a higher expression of surface MICA/B and ULBP2 in ovarian cancer cells compared with normal ovary, and this was surprisingly associated with a poor prognosis. 25 These findings, which are in contrast with previous data showing that high NKG2D ligand expression on tumor cells is associated with a good prognosis (e.g., colorectal cancer 31 were also confirmed by an independent study. 30 Using tissue microarrays, it was shown that the high expression of several surface NKG2D ligands was inversely correlated with disease survival. In vitro data using ovarian cancer cells lines suggest that NKG2D activity is regulated by sNKG2D-L and MIF, a leaderless cytokine that contributes to NKG2D downregulation. 16, 17, 32 However, data on the expression level of sNKG2D-L in the ascites fluid of patients as well as its correlation with the NKG2D receptor expression are not available.
Given the immune suppressive microenvironment in ovarian cancer and the malignancy-associated ascites we sought to investigate a possible role for MIF and sNKG2D-L in immune evasion in ovarian cancer.
Results and discussion
It is well established that tumor cells release soluble ligands for NKG2D to inhibit anti-tumor immune responses via blocking and downregulation of the receptor. To elucidate the clinical relevance of sNKG2D-L, we analyzed the levels of soluble NKG2D ligands (MICA, ULBP2) and MIF in the ascites and measured NKG2D expression on tumor associated lymphocytes in human ovarian carcinoma ascites. MIF, sMICA and sULBP2 (n D 36-40, Fig. 1A ) were detectable in ascites fluid by ELISA and ascites levels were comparable to the serum levels published for samples from patients with other tumors. 5, 22, 34 To identify potential associations of these ascites mediators with relapse-free survival (RFS) we performed Kaplan-Meier analyses. Ascites samples split at different thresholds ("high" and "low") and longrank p values were determined. As shown in Fig. 1 B-D, this analysis yielded significant associations with RFS for sULBP2, sMICA and MIF. In each case, the hazard ratio (HR) was approximately 3 and the difference in median RFS 13-15 versus 23-27 months. As controls we determined the CD68
C and CD163 C fractions of CD14 C tumor-associated macrophages (TAMs) in the same samples and obtained the expected results, 36 i.e., a significant association of RFS with CD163
C cells but not with CD68 C cells (Fig. S4 ). Next, we assessed whether sULBP2, sMICA and MIF might represent independent prognostic factors. Since multivariate regression analysis is appropriate only for large sample sizes, we addressed this issue by testing distribution probabilities. We included in this analysis several other mediators of ovarian cancer ascites previously reported to be associated with a poor RFS, i.e., IL-6, IL-10, leukemia inhibitory factor (LIF), leptin, lysophosphatidic acid (LPA), phospholipase PLA 2 G 2A and the lysophospholipase autotaxin, all determined by ELISA. 35, 36 For each mediator, samples were split into 2 groups by a "best-fit" approach (according to logrank test) and the overlapping fraction of samples was determined. Hypergeometric testing (Fig. 1E ) revealed statistically significant results for sULBP2 vs. sMICA, IL-6, IL-10 and LIF, and for sMICA vs. sULBP2 and IL-10, suggesting that these molecules are not independent prognostic factors of RFS. In contrast, no significant overlaps were observed for MIF, pointing to an independent prognostic power.
To evaluate whether elevated MIF and sNKG2D ligands are associated with a downregulation of NKG2D on ascites-associated NK and/or T cells, NKG2D expression was analyzed by flow cytometry. Surprisingly, CD3-expressing cells (T and NKT cells) from ascites had a higher NKG2D surface-expression relative to patient-derived peripheral T cells (Fig. 1F) . NKG2D expression on patient-derived peripheral T cells was not altered in comparison to donors with non-malignant conditions (myomatosis uteri or ovarian cysts), subsequently referred to as "normal." In line with these observations, there was no significant difference in the percentage of NKG2D-expressing NKp46-positive NK cells isolated from ascites, patient blood or normal blood (MFI values see Suppl. Table S1 ). Most strikingly, a highly significant downregulation of CD16 on NK cells from ascites was observed, whereas CD16-expression on peripheral cells was very similar between patients and normal donors (Fig. 1F , see Table S1 for MFI values). These data indicate that high levels of MIF and sNKG2D-L do not diminish NKG2D expression on lymphocytes in ascites to evade immune surveillance. However, the strong clinical associations of sNKG2D-L and MIF implicate that these factors contribute to ovarian cancer progression through hitherto unidentified mechanisms.
To investigate the impact of sNKG2D-L containing ascites on NK cells from healthy donors, purified NK cells, either resting (IL2 -10 U/ml primed) or activated (IL2 -200 U/ml C IL15 -10 ng/ml primed), were incubated with ascites samples from 4 different ovarian cancer patients and NK cell receptor expression and degranulation were tested. While there was a slight reduction in the surface expression of NKG2D on resting NK cells (Fig. S1) , this was not observed with activated NK cells ( Fig. 2A) . Strikingly, CD16 surface expression was strongly reduced on NK cells in response to ascites irrespective of the NK cell activation status (Figs. 2B, and S1 ).
Next, we analyzed whether ascites inhibits NKG2D-and CD16-dependent NK cell degranulation. To this end, Drosophila Schneider 2 (S2) cells, either transfected with an expression vector for ULBP1 ligand or coated with rabbit IgG, were used. Drosophila S2 ULBP1-transfectants are used as a tool to monitor NKG2D-activity. These cells do not express any NK cell ligands, which allows to determine the NKG2D-dependent target cell killing without the potential interference from other stimuli. 27 Analysis of all 4 patients showed that ovarian ascites significantly inhibited NK cell degranulation in response to NKG2D stimulation (S2-ULBP1 target cells) and the reduction was in the range of 35-40% (Fig. 2C) . Of note, sample 4 with about 6-fold higher sULBP2 and 100-fold higher sMICA levels than sample 1 (Fig. 2E) was not significantly more effective than other samples at inhibiting NKG2D-dependent killing. These observations were confirmed with another set of ascites samples (n D 5) using 2 independent NK cell donors (Fig. S2) . We conclude that the inhibition of NKD2D-dependent killing was independent of MIF, sMICA and sULBP2 concentrations in the respective ascites samples. Moreover, the inhibition of NK cell degranulation did not correlate with a reduction of NKG2D expression on activated NK cells. In contrast, the ascites-induced downregulation of CD16 correlated with a significant and robust decrease of CD16-dependent NK cell degranulation (Fig. 2D) . Taken together, this suggests that soluble ascites factors potentially including sNKG2D-L and MIF cooperate with other factors to inhibit CD16-and NKG2D-mediated target cell killing, and that this is obviously independent of the NKG2D surface expression. Recently it was shown that extracellular vesicles purified from ascites fluid could down-regulate NKG2D, but not DNAM-1 expression on healthy T and NK cells. 18 Such a mechanism is obviously not relevant in the patient cohort analyzed here, since NKG2D expression is unchanged or even increased on ascites derived lymphocytes.
We also investigated whether the ascites-mediated interference with functions of other immune cells might be associated with MIF or sNKG2D-L levels. To this end, we analyzed the impact of ascites on (i) the pro-inflammatory response by monocyte-derived macrophages, monitored by the LPS/IFNg-induce expression of IL12B, and (ii) the activation of normal peripheral T cells by CD3/CD28 ligation, assayed by the induction of IFNg and TNF, as described previously. 11 An ascites-dependent inhibition of these immune cell functions was observed, however, we were unable to detect any link of inhibitory effects and the concentrations of MIF or sNKG2D-L (Fig. S3) .
A hallmark of ovarian cancer ascites is the presence of numerous types of immune cells, partly in large numbers, which contribute to disease progression, drug resistance and an adverse survival (recent review). 46 Given the inverse correlation of MIF and sNKG2D-L with RFS we analyzed potential correlations of these factors with clinically relevant immune cells. A clear correlation was observed for sULBP2 levels and CD14 C cells expressing CD163 or CD163 and CD206 (r D 0.37 and r D 0.39, respectively; Fig. 3A and B) , previously identified as a pro-tumorigenic TAM subset in ovarian cancer ascites that is associated with a short RFS. 35, 36 In contrast, no significant correlations were found of TAM subsets with sMICA or MIF concentrations (Fig. S4) .
The NKG2D/NKG2D-L axis is involved in the regulation of macrophages. Thus, it is tempting to speculate that a causal connection of ULBP2 and the TAM phenotype exists. Recently, it was shown that sMICA triggers the expansion of mouse myeloid-derived suppressor cells (MDSCs) and shifts macrophages to an anti-inflammatory phenotype via NKG2D-mediated STAT3 activation. 47 However, the relevance of this pathway in humans is unclear, since we were unable to detect NKG2D on macrophages isolated from human ascites (Fig. S5 ). Moreover, it is possible that indirect effects exist such an interference of sNKG2D-L with the crosstalk of NKG2D-L on macrophages and NKG2D on T and NK cells. Based on the surprising observation that the murine NKG2D ligand MULT-1 stimulates anti-tumor immunity in its soluble form it was postulated that chronic interaction of NKG2D-L expressed on macrophages with NKG2D on NK cells desensitizes NK cells, which could be blocked by soluble NKG2D. 8, 33 Human macrophages upregulate NKG2D-L in response to TLR-4 stimulation, which renders them more susceptible to NK cell-mediated killing. 9 This was regarded as a mechanism to dampen the immune response, although the NKG2D/ NKG2D-L crosstalk was also reported to activate NK cell antitumor responses while sparing macrophages from killing due to the expression of the inhibitory ligand Qa-1b. 48 The role of the reciprocal NKG2D/NKG2D-L interaction in modulating macrophage functions therefore remains to be investigated both in the tumor context and in physiologic conditions. A particularly striking correlation was observed for both sULBP2 and sMICA with T cell subtypes (Fig. 3C-F) . The profiling of ascites T cell subsets based on CD45RA and CCR7 expression revealed an inverse correlation of both ligands with CD8
C effector memory cells (sULBP2, r D ¡0.63, Fig. 3C and D; sMICA, r D ¡0.75, Fig. 3E and F) . This was accompanied by a significant positive correlation (r > 0.75) of sMICA with naive CD8
C cells (Fig. 3C) , consistent with an inverse correlation between na€ ıve and effector memory cells (r D 0.77). A similar trend was seen with CD4
C cells, albeit with a slightly lower statistical significance (Fig. 3C and E) . In contrast, there was no significant correlation of any T cell subset with MIF (Fig. S4) .
We show that soluble ligands for NKG2D correlate with an immunosuppressive microenvironment and with a poor prognosis, as summarized by the scheme in Fig. 4 . Currently, human sNKG2D-L are described to downregulate NKG2D on effector cells as part of the immune escape strategy (Fig. 4A ), yet this is fundamentally different in ovarian cancer ascites. NKG2D expression was not diminished on NK cells and was even elevated on T cells isolated from ascites. On the other hand, high levels of sNKG2D-L correlated with increased numbers of protumorigenic TAMs and a decreased accumulation or differentiation of memory effector T cells (Fig. 4B and C) . In line with an immunosuppressive tumor micromilieu, we also identified an sNKG2D-L independent impact on NK cell activity (Fig. 4D) . Ascites fluid induced a strong downregulation of CD16 and inhibited CD16-dependent target cell killing in vitro (Fig. 2B  and D) , which was also reflected by a reduced CD16 expression on ascites NK cells compared with NK cells from peripheral blood (Fig. 1B) . Of note, CD16 expression of peripheral NK cells isolated from normal donors and patients was similar.
In summary, ovarian cancer ascites contains elevated levels of MIF and sNKG2D-L, which correlated inversely with the relapse free survival of the patients. Cell-free ascites inhibited CD16 and NKG2D-dependent NK cell cytotoxicity. However, in contrast to the current paradigm, this effect was independent of NKG2D downregulation on the surface of T and NK cells. The NKG2D/NKG2D-L interactions play complex roles in both the activation and regulation of immune responses and the current view of their role in immune escape seems to be oversimplified. Understanding the biology of NK cells of the ovarian cancer ascites will most likely identify novel and more complex mechanisms of sNKG2D-L activity. It is conceivable that ovarian cancer NK cells do not only lack cytolytic functions, but also promote tumor growth, e.g., though the release of IL-8 and interferon-inducible protein-10, as it has been shown for decidual NK cells. 14, 24 Finally, a comprehensive analysis of the NKG2D/NKG2D-L system may be of high therapeutic relevance. Initial preclinical mouse experiments showed promising anti-tumor activity of adoptively transferred T cells bearing a chimeric NKG2D-based antigen receptor (CAR) to retarget T cells to NKG2D-L expressing target cells. 40 Unexpectedly, significant clinical toxicity resulting in morbidity and mortality were observed in follow up studies, which were dependent on the genetic background of the host strain. 43 This underlines that NKG2D ligands and NKG2D are probably useful targets for immunotherapy to combat ovarian cancer provided a deeper understanding of their regulation and function is available.
Material and methods

Patient samples
Ascites and peripheral blood were collected from patients with high grade ovarian carcinoma undergoing primary surgery at the University Hospital in Marburg according to the protocols approved by the ethics committee of Marburg University and in compliance with the Helsinki Declaration. Peripheral blood was equally obtained from patients with benign gynecological disease, e.g., myomatosis uteri or ovarian cysts, and further referred to as normal controls.
Mononuclear cells were isolated from ascites and peripheral blood by Lymphocyte Separation Medium 1077 (PromoCell) density gradient centrifugation and cryopreserved or used freshly for immunophenotyping. Cell-free ascites and plasma was preserved for analysis of NKG2D ligands and cytokines as well as functional NK cell assays.
The collection and the analysis of human material were approved by the local ethics committee of the Philipps University Marburg under reference number 205/10. Donors provided written consent in accordance with the Declaration of Helsinki.
Immunophenotyping
Peripheral lymphocytes (OC patients: n D 27; normal: n D 10) and ascites-associated lymphocyte subsets (n D 43) were characterized using the following antibodies for surface expression by flow cytometry (FACSCanto BD Bioscience): anti-human CD19 FITC, CD45RA FITC, CD8 APC (all Miltenyi Biotec), CD16 PE-Cy7 and CD335 (NKp46) eFluor450 (both eBiosciences), CD4 PE-Cy7 (Southern Biotech), CD3 APC (Biolegend), CCR7 PE (BD Biosciences), and NKG2D FITC (abcam). Corresponding isotypematched controls were purchased from Miltenyi Biotec, BD Biosciences and eBioscience. TAMs in ascites were analyzed for surface expression of CD14, CD163, CD206 and intracellular expression of CD68 by flow cytometry, as described previously. 36 
Elisa
Ascites levels of sULBP2, MICA and MIF were determined using the commercially available R&D duosets for ULBP2, MICA and MIF except that the antibody BUM01 was used as a capture antibody for ULBP2 (kindly provided by Alexander Steinle). Ascites levels of IL-6, IL-10, LIF, leptin, LPA, PLA 2 G 2A and autotaxin were determined by commercial ELISAs, as described previously.
36,35
Cytotoxicity assays
Schneider-2 cells expressing ULBP1 or coated with rabbit polyclonal serum were used as target cells to activate NKG2D or CD16a receptor on NK cells, respectively. Purified 2.5 £ 10 4 (resting or IL-2/IL-15 primed) NK cells were incubated with 2.5 £ 10 4 Schneider-2 cells. After 2h co-incubation 2 mM monensin and PE-labeled anti-human CD107a mAB (both BioLegend) was added. Cells were incubated for additional 4h and then samples were stained with BV421 TM -labeled anti-human CD56 antibody to discriminate CD56-positive NK cells from CD56-negative Schneider-2 cells. NK cell degranulation was assessed by flow cytometric analysis as described previously. 44 
Statistical analyses
Comparative data were statistically analyzed by Student's t-test (2-sided, equal variance or as indicated in the figure legends). Box pots depicting medians (line), upper and lower quantiles (box) and confidence intervals (bars) were constructed using the Seaborn boxplot function. Normal distribution and correlations were analyzed using the scipy.stats functions normaltest and spearmanr. Associations between mediator concentrations and relapse-free survival (logrank test), HR and median survival times were analyzed using the Python Lifelines KaplanMeierFitter and CoxPHFitter functions.
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